Introduction
Classical textbooks on molecular interactions mainly devoted to hydrogen bonds [1] and charge transfer complexes [2] have appeared in the years [1960] [1961] [1962] [1963] [1964] [1965] [1966] [1967] [1968] [1969] [1970] . It is only in the late 1990s that charge transfer complexes involving an X halogen atom in the ZX···Y system have been recalled halogen bonds. They involve an interaction of an electronrich center Y with an electronegative halogen substituent in a ZX molecule. These bonds have been featured in an increasing numbers of areas. Their importance in the field of molecular recognition [3, 4] and crystal engineering [5] as well as in biological systems [6] also has been recognized. This wide range of applications has placed the halogen bonded interactions in a center of great attention, and many theoretical works have been focused on them [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] .
In this work, we present the results of a theoretical investigation of the interaction between chlorotrifluoromethane (CClF 3 ) and substituted carbonyl derivatives. Let us notice that the complexes between trifluoromethyl halides (CF 3 X) and guest molecules have been the subject of several theoretical investigations, as for example the interaction between CClF 3 and NH 3 [21, 22] , H 2 O [23, 24] , H 2 S [25] , organic bases of different nature [26] [27] [28] [29] or halide anions [30] . The influence of angular distortions on the energies of halogen bonds and hydrogen bonds has been recently discussed [31] . Very few experimental data on these interactions are available. The vibrational properties of trifluoromethyl halides complexed with dimethyl ether have been investigated by IR and Raman spectroscopies in liquid argon and in liquid krypton [32] . The halogen bond Abstract The structures and intermolecular interactions in the halogen bonded complexes of six carbonyl bases with chlorotrifluoromethane have been studied by ab initio MP2 and CCSD(T) as well as density functional methods: B3LYP, B3LYP-D3 and wB97XD. The CCSD(T)/aug-ccpVTZ calculated interaction energies of these complexes range between −1.22 and −2.62 kcal mol −1 . The interaction energies are related to the ionization potential and proton affinity of the carbonyl bases. The intermolecular interaction results in a contraction of the C-Cl bond and an elongation of the C-F bonds accompanied by a relevant frequency shift of the corresponding stretching vibrations. The origin of the variation of the C-Cl and C-F bond lengths is discussed on the basis of an NBO analysis. It is suggested that the formation of these complexes can be considered as a two-step mechanism, involving the intermolecular charge transfer from the lone-pair orbitals on the oxygen atom to the antibonding σ*(C-Cl) orbital followed by a decrease of the intramolecular charge transfer from the lone-pair orbitals on the fluorine atoms to the antibonding σ*(C-Cl) orbital. A symmetry-adapted perturbation theory (SAPT) decomposition of the interaction energies has been performed.
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Although halogen atoms carry partial negative charges, there is a positive electrostatic potential at the head of the lone pair in the opposite direction of this lone pair. This region is called a σ-hole which accounts for the ability of halogens to accept an interaction with electronic rich atoms [34] [35] [36] . A σ-hole has been predicted in the Cl atom of CClF 3 [34] .
It has been shown that the properties of the hydrogenbonded systems such as the thermodynamic or spectroscopic properties are intimately related to the nature of the proton acceptor (N, O, S) [37] , and the influence of the basicity/acidity on these properties has been discussed in several works. Much less data are available for halogen bonds. In the present work, we want to discuss the influence of the basicity on the complexes formed between CClF 3 and simple carbonyl derivatives (H 2 CO, HFCO, F 2 CO, CH 3 CHO, CH 3 CFO, (CH 3 ) 2 CO) where different substitutions allow to modulate the electron donor ability. With the exception of the H 2 CO···ClCF 3 complex [27, 28, 36] , no theoretical data have been reported for these systems.
The present work is arranged as follows. In the first part, the structure of the complexes, the binding energies and the variation of the C-Cl and C-F bond lengths are discussed. The second part deals with the NBO (natural bond orbital) analysis, focusing mainly on the occupation of bonding and antibonding orbitals, the hybridization of the C atom and inter-and intramolecular stabilization energies. The results of SAPT calculations are presented as well. In the last part of our work, the frequency shifts of the ν(C-Cl) and ν(C-F) stretching vibrations induced by the interaction with ketones are discussed.
Computational methods
The optimized geometries, vibrational harmonic frequencies and infrared intensities have been calculated for the following six carbonyl bases: H 2 C=O; HFC=O; F 2 C=O; CH 3 HC=O; CH 3 FC=O and (CH 3 ) 2 C=O. Then, full geometry optimization and the calculations of the vibrational properties have been performed for the complexes of these bases with CClF 3 . In the calculations, we employed an ab initio MP2 method [38] combined with the cc-pVTZ basis set [39] , as well as the B3LYP [40, 41] , B3LYP-D3 (which is B3LYP corrected with the original D3 damping function) [42] and wB97XD [43] hybrid density functionals combined with the 6-311++G(d,p) basis set [44, 45] . The counterpoise CP-corrected gradient optimization has been used in the MP2 calculations [46] .
The interaction energies of the studied complexes have been determined at the MP2/aug-cc-pVTZ, CCSD(T)/ aug-cc-pVTZ, B3LYP/6-311++G(d,p), B3LYP-D3/6-311++G(d,p) and wB97XD/6-311++G(d,p) levels of theory. In the calculations of the interaction energies by two ab initio methods [MP2 and CCSD(T)] coupled with the aug-cc-pVTZ basis set, we have used the geometry of the complexes optimized at the MP2/cc-pVTZ level. All the interaction energies were corrected for the basis set superposition error (BSSE) computed by the CP method [46] .
For all the complexes, the symmetry-adapted perturbation theory (SAPT) decomposition of the interaction energies has been performed at the MP2/cc-pVTZ level of theory. All the computations were carried out with the Gaussian 09 [47] or MOLPRO 2012 [48] programs.
A natural bond orbital (NBO) analysis provides a detailed insight into the nature of electronic structure and bonding in the molecules. In this work, the atomic charges, hybridization, occupation of orbitals and the second-order interaction energies were calculated by the DFT method using the 5.0 version of the NBO program [49, 50] . The atoms in molecules (AIM) analysis [51] was used in order to characterize the intermolecular interactions between the carbonyl bases and chlorotrifluoromethane investigated in this work.
Results and discussion

Structures of the complexes and interaction energies
The structures of the interacting molecules optimized with the MP2 method are illustrated in Fig. 1 . Intermolecular parameters (O···Cl distances, CO···Cl and CCl···O angles) are indicated in Table 1 . In all the systems, the intermolecular O···Cl distances are all smaller than the sum of the van der Waals radii (3.27 Å). At any level of theory, the O···Cl distance is the longest in the F 2 C=O complex; these distances in the CH 3 CHO and (CH 3 ) 2 CO complexes are nearly equal, being slightly longer in the first system when considering the MP2, B3LYP and B3LYP-D3 calculations. As in the case of the complexes between molecular chlorine and the same carbonyl bases, the asymmetrical ketones show two different structures where the C-Cl bond coincides approximately with the direction of the lone-pair orbitals of the oxygen atom (O LPs) [52, 53] . The C-Cl···O bonds calculated at the B3LYP level are nearly linear and show larger departures from linearity when calculated at other levels. It follows from the H···Cl distances that there is no bond formation between the C-H group of the ketones and the Cl atom of CClF 3 . However, a weak interaction between the H and Cl atoms cannot be ruled out in the CH 3 CFO (b) and (CH 3 ) 2 CO complexes.
According to the AIM theory, two atoms are bonded to each other if their nuclei are linked by a line of maximal electron density named the bond path. Figure 2 demonstrates the presence of a bond critical point (BCP) in the H 2 CO···ClCF 3 complex. The electron density (ρ), the Laplacian of the electron density (∇ 2 ρ) and the total electron energy (H) at the selected BCP in all the studied complexes are collected in Table 2 . As indicated in Table 2 , in the case of two complexes: CH 3 CFO···ClCF 3 (b) and (CH 3 ) 2 CO···ClCF 3 , the AMI calculations suggest an additional stabilization interaction between the chlorine and hydrogen atoms (H···Cl). According to the Popelier's criteria for hydrogen bonds, the electron density at the BCP ranges from 0.002 to 0.035 au, and the Laplacian of the electron density ranges from 0.024 to 0.139 au [54, 55] . As follows from Table 2 , these two H···Cl interactions do not fulfill the second criterion. Therefore, they cannot be classified as hydrogen bonds but as weak van der Waals interactions. It is worth to mention that in both the CH 3 CFO···ClCF 3 (b) and (CH 3 ) 2 CO···ClCF 3 complexes, the H···Cl distances are longer than the sum of the corresponding van der Waals radii by 0.29 and 0.20 Å, respectively.
When considering only the O···Cl interactions, we have found the following correlations between the B3LYP-D3 binding energies and the AMI parameters (ρ and ∇ 2 ρ):
The interaction energies calculated at different levels are reported in Table 3 . The values of the energies calculated with the wB97XD and B3LYP methods are lower than the ones calculated by the other methods. The values obtained at the B3LYP-D3, MP2 and CCSD(T) levels of theory are similar. Let us notice that the interaction energy for the H 2 CO···ClCF 3 system calculated in Ref. [29] at the MP2(full)/6-311++G(3df, 3pd) level is equal to −1.90 kcal mol
, which is by 0.3 kcal mol −1 lower than our B3LYP-D3 calculated value.
At each level of theory, larger intermolecular O···Cl distances result in lower interaction energies, and in the further discussion, we will consider the B3LYP-D3 interaction energies.
As indicated in Table 3 , the electron-releasing CH 3 group strengthens the interaction and the electron-attracting substituents weaken the interaction. This prompted us to compare the interaction energies with the basic properties of the ketones. The proton affinities (PA) calculated at the B3LYP-D3/6-311++G(d,p) level as well as the calculated and experimental ionization potentials (IP) of the ketones [56] [57] [58] [59] [60] [61] are reported in Table 4 .
From the B3LYP-D3 energies, we have calculated the following correlations:
The correlation 3 is illustrated in Fig. 3 . The slopes of these two correlations are much lower than those recently reported for the stronger complexes between the same carbonyl bases and molecular chlorine (−0.76 and 0.055, respectively) [52] .
Comparison with the literature values is difficult. The reported interaction energy in the NH 3 ···ClCF 3 system is equal to −2.37 kcal mol −1 (MP2/aug-cc-pVDZ) [21, 22] . The PA of NH 3 is 204 kcal mol
, about the same as that
(2) −�E = 2.66 ln(∇ 2 ρ) + 11.04 r 2 = 0.931 Table 4 ), and the ΔE of the (CH 3 ) 2 CO···ClCF 3 complex (calculated at the MP2/aug-cc-pVTZ level of theory) is −2.63 kcal mol −1 , as shown in Table 3 . The interaction energy in the H 2 O···ClCF 3 system is equal to −1.46 kcal mol −1 (MP2/ccpVTZ) [26] ), and this is consistent with the fact that the value of the PA of H 2 CO (177.5 kcal mol −1 , Table 4 ) is larger than that of H 2 O by 11 kcal mol −1 . As outlined in several works [21, 24, 25, 28] when CClF 3 interacts with electron donors of medium strength such as NH 3 , H 2 O or H 2 S, the C-Cl bond is contracted by moderate amounts. In the F 3 CCl···NH 3 system, the C-Cl bond is contracted by 6.6 mÅ [24] or 6.3 mÅ [21] . In the F 3 CCl···OH − system, the C-Cl bond is contracted by 7 mÅ [24] , and in the weaker F 3 CCl···SH 2 complex, the C-Cl bond is contracted by only 2.9 mÅ [25] . The values of the C-Cl bond contraction for the present systems are reported in Table 5 which also indicates the elongation of the three CF bonds. These results show that the contraction of the C-Cl bond is moderate, ranging from 4.7 mÅ in F 2 CO to 9.4 mÅ in (CH 3 ) 2 CO. As in general, bond contractions are connected with blue shifts of the corresponding stretching frequency, the present complexes can be categorized as blue-shifting complexes. Further, the elongation of the C-F bonds is comprised between 1.6 and 5.1 mÅ and is also the largest in the complexed (CH 3 ) 2 CO system. Fig. 3 Interaction energy -ΔE (kcal mol
) as a function of the ionization potential IP(eV)
NBO analysis
In this section, we want to discuss the results of a NBO analysis, focusing mainly on the NBO charges, the occupation of bonding and antibonding orbitals, the hybridization of the C atom along with the second-order inter-and intramolecular stabilization energies.
Let us remember that halogen bonds have been compared to hydrogen bonds and have been shown to be similar in many aspects [63] [64] [65] [66] [67] . Briefly summarizing, let us mention that the contraction of a Z-H bond in a hydrogenbonded system ZH···Y has been explained mainly by a variation of the σ*(C-H) occupation and a change in the hybridization of the Z(H) atom [68] [69] [70] [71] [72] [73] [74] . These parameters can also be discussed for the blue-shifting halogen bonds. The results of our NBO analysis for the present systems are presented in Tables 6, 7 and 8.
The variation of the NBO charges on the C and Cl atoms of CClF 3 induced by the interaction with the ketones is indicated in Table 6 . This table also reports the variation of hybridization of the C atom in the C(Cl) and C(F) bonds along with the global charge transfer (CT) occurring from the ketones to CClF 3 . Table 7 reports the second-order stabilization energies E (2) → σ*(C-Cl), the occupation of the σ*(C-Cl) antibonding and σ(C-Cl) bonding orbitals. In Table 8 , the intramolecular charge transfer energies from the lone-pair orbitals (LPs) of the three F atoms to the σ*(C-Cl) orbitals and the variation of the occupation of the σ*(C-F) orbitals are indicated.
The results of Table 6 show that the charge transfer from the ketones to CClF 3 is rather low, ranging from 0.5 me (F 2 CO) to 4.9 me (CH 3 CHO). Let us notice that for the systems involving H 2 CO, F 2 CO and HFCO, there is also a CT from the LPs of the O atom to the Rydberg orbitals of the Cl atom. The corresponding second-order stabilization energies are comprised between 0.39 kcal mol −1 (F 2 CO) and 0.44 kcal mol −1 (H 2 CO). It must be mentioned that these values are of the same order of magnitude as the E 2 (LPO → σ*(C-Cl) stabilization energies which range between 0.3 and 0.58 kcal mol −1 (Table 7 ). This effect is rather unusual and illustrates the electrophilic feature of the halogen. For the other systems, the charge transfer energy to the Rydberg orbitals of Cl is smaller (between 0.07 and 0.18 kcal mol −1 ). In a first step, we will discuss the origin of the variation of the C-Cl and C-F bond lengths. The interaction with ketones results in an increased polarization of the C-Cl bond. The variations of the charges on the C and Cl atoms are +6.2 and −14.5 me for the weakest F 2 CO complex. The largest changes of the charges on the C atom (+16.9 me) and on the Cl atom (−31.6 me) are predicted for the (CH 3 ) 2 CO···ClCF 3 system. For this system, the CT to the three F atoms is also the largest (19 me). Let us notice that for CClF 3 complexed with stronger electron donors such as Br − , the CT is equal to 15.4 me [24] . As indicated in Table 7 , the second-order stabilization energies E 2 → σ*(C-Cl) increase from F 2 CO (0.3 kcal mol −1 ) to CH 3 CHO (1.24 kcal mol −1 ). Despite this charge transfer, the occupation of the σ*(C-Cl) orbital decreases, its decrease being slightly larger for the (CH 3 ) 2 CO system (12.7 me) than for the F 2 CO one (11.4 me). Our calculations also predict a small decrease of the σ(C-Cl) occupation between 0.7 and 1.1 me. Further, as indicated in Table 6 , the interaction results in an increase of the s-character of the C(Cl) atom, smaller for the weaker complexes (F 2 CO = 0.37 %) than for the stronger ones [(CH 3 ) 2 CO = 0.92 %]. It must be pointed out that a variation of hybridization of the C(Cl) atom of CClF 3 is a known effect which has already been predicted for CClF 3 complexed with molecules such as NH 3 [24] , H 2 O and H 2 S [25] .
Both the increase of the s-character of the C(Cl) atom and the decrease of the σ*(C-Cl) occupation contribute to the contraction of the C-Cl bond. The variation of the σ(CCl) occupation is very small, but it has been considered in our calculations. From the present results, we have deduced the following dual expression [Δr(C-Cl) in mÅ, Δσ*(CCl) in me]: which illustrates the predominance of the hybridization effect over the σ*(C-Cl) and σ(C-Cl) occupations. The values of Δr(C-Cl) calculated by Eq. (5) and by the B3LYP method are compared in Fig. 4 (r 2 = 0.971). In order to test the validity of this equation, we have calculated the Δr(C-Cl) value for the F 3 CCl···Br − system from the parameters reported in Ref. [24] . This complex is strong, the interaction energy calculated by MP2(full)/6-311++G(d,p) being −7.27 kcal mol . The parameters of Eq. (5) are: Δ%s (C-Cl) = +2.68, Δσ*(C-Cl) = −4.1 me, Δσ(C-Cl) = +1.2 me. Note that in contrast to the present systems, there is an increase of the σ(C-Cl) occupation. From these parameters, a Δr(C-Cl) value of −22.5 mÅ has been calculated from Eq. (5) which is very close to the value of −22.1 mÅ predicted by MP2 calculation in Ref. [24] .
In a similar way, the elongation of the C-F bond can be evaluated from the same parameters, the variation of the occupation of the σ(C-F) orbitals being negligible:
Our calculations predict an increase of the polarity of the C-Cl bond along with an increase of the s-character of the C(Cl) atom. These results are in agreement with the Bent's rule. Let us briefly remember that the Bent's rule states that atoms maximize their s-character in hybrid orbitals aimed toward electropositive substituents and the atoms maximize their p-character toward electronegative substituents. This rule has been discussed in detail for systems involving CClF 3 complexed with Lewis acids and Lewis bases [28] . Let us notice that in the present systems, an increase of the (6) �r (C−F) = −14.14 [ �%s C(F)] + 0.24 �σ * (C−F) s-character is also reflected in the variation of the intramolecular angle in CClF 3 . Indeed, in isolated CClF 3 , the CClF and FCF angles are equal to 110.3° and 108.6°; in the complex with (CH 3 ) 2 CO, these angles take values of 110.8° and 108.1°.
For the present systems, the correlation between the charges on the Cl atom and the % s-character in C orbital of the C-Cl bond can be written as:
Interestingly, for CClF 3 complexed with stronger electron donors (OH − , Cl − ), we have found a very similar correlation 1 from the data reported in Ref. [28] . Let us now discuss more in detail the changes occurring in the C-F bonds of CClF 3 . The interaction with ketones results in a decrease of the s-character in C orbital of the C-F bond (in order to preserve the total s-character of the C atom). Further, as indicated in Table 6 , the interaction with ketones results in an increase of the charges on the external F atoms. The sum of these charges increases is larger than the variation of charges on the C atoms, being, for example, 8.9 me for the F 2 CO system and 19.4 me for the (CH 3 ) 2 CO system. These variations can be explained by the fact that in isolated CClF 3 there is a strong intramolecular delocalization, taking place from one of the LP of the F atoms to the σ*(C-Cl) orbital. For each of the F atoms, this delocalization is equal to 12.37 kcal mol (CH 3 CHO). It must be also mentioned that in isolated CClF 3 , there are other intramolecular delocalizations which are not very sensitive to complex formation. This is the case of the energy of the LPF1 → σ*(CF 2 ) delocalization equal to 30.30 kcal mol −1 in the isolated molecule and decreasing by only 0.39 kcal mol −1 in the CH 3 CHO complex. Further, the weak delocalization from σ(C-Cl) to σ*(C-Cl) decreases by ca 0.15 kcal mol −1 by complex formation. These delocalizations will no more be considered hereafter.
Let us mention that a nice effect of electron transfer from the LPs of the halogen atoms to the remote part of the complex has been predicted in the H 3 N-CCl 4 system characterized by the N···ClCCl 3 interaction. In this system, the three LPs of the bonded Cl atom are delocalized to the three external C-Cl bonds, resulting in an increase of the σ*(CCl) occupation in these three external bonds and a contraction of the C-Cl bond involved in the interaction [64] . It follows from these considerations that the formation of the present complexes can be considered as originating from a two-step mechanism: the intermolecular charge transfer from the LPsO to σ*(C-Cl) followed by a decrease of the intramolecular charge transfer from LPF to σ*(CCl). Both effects are connected as illustrated by the following correlation:
showing the predominance of the intramolecular effect over the intermolecular one. Figure 5 illustrates selected orbitals involved in the above-mentioned two-step mechanism. It must be mentioned that a similar effect has been demonstrated for the CHF 3 molecule hydrogen-bonded to proton acceptor of medium strength [75] . In the isolated CHF 3 molecule, the intramolecular hyperconjugation energy occurring from the three F atoms to the σ*(CH) bond is equal to 26.40 kcal mol −1 . This value is similar to the hyperconjugation energy from the three F atoms to σ*(C-Cl) deduced in the present work for isolated CClF 3 . In the F 3 CH···OH 2 complex, this hyperconjugation energy decreases by 3.8 kcal mol −1 and predominates over the intermolecular effect. As a consequence, the C-H bond is contracted by a small amount. It should be noted that the interaction between CHF 3 and stronger proton acceptors
such as F − or Cl − results in a net increase of the σ*(C-H) occupation, a decrease of the σ*(C-F) occupation and an elongation of the C-H bond. This is in strong contrast to the halogen bonds, the interaction between CClF 3 and Br − or OH − resulting in a contraction of the C-Cl bond, as previously mentioned.
As for CClF 3 , CBrF 3 , CBrCl 3 complexed with F − , Cl − and Br − [30] , in the present systems there is also a correlation between the binding energies and the second-order interaction energies E 2 LPsO → σ*(C-Cl). The best fit is found for the following logarithmic equation: It should be mentioned that a unique correlation between the -ΔE and E 2 values was proposed in Ref. [30] for the different systems. The lower correlation coefficient of 0.819 probably results from the fact that each system is characterized by another correlation depending on the specific features of the halomethanes. This shows the advantage to consider closely related systems.
SAPT decomposition of the energies
To evaluate the physically meaningful components of the interaction energy in the complexes studied, a SAPT analysis has been performed at the MP2/cc-pVTZ level of theory. The results are collected in Table 9 . The SAPT interaction energies vary between −1.13 and −2.32 kcal mol −1 for the complexes investigated. As follows from these results, the electrostatic term E(elec) is the dominant attraction component representing about 60 % of the total attraction forces. With regard to the induction E(ind) and dispersion E(disp) components, they account for about 10 and 30 % of the total attraction forces, respectively. The value of the repulsive exchange energy E(exch) is lower than the absolute value of the electrostatic term E(elec). Similar results have been found for the halogen bonded complexes between carbonyl bases and molecular chlorine calculated at the same level of theory [52] .
Frequencies of the ν(C-Cl) and ν(C-F) vibrations
The calculated frequencies of the ν(C-Cl) and ν(C-F) vibrations in isolated and complexed CClF 3 are indicated in Table 10 . For isolated CClF 3 the ν(C-Cl) stretching
vibration is predicted at 1073.5 cm −1 in good agreement with the value reported in Ref. [30] . The ν(C-F) vibration is predicted at 1181.3 cm . As demonstrated in numerous hydrogen-bonded systems, the interaction energies and the frequency shifts of the stretching vibration of the bond involved in the interaction are linearly related. This correlation was originally referred as the Badger-Bauer correlation [76, 77] .
For the present systems, there is only a very crude correlation between the interaction energies and the frequency shifts:
This can be accounted for by the fact that the interaction energies are extended to the whole F 3 CCl molecule and that the ν(C-Cl) stretching vibration is a more localized mode.
Conclusions
In this work, the halogen bonded complexes of six carbonyl bases: H 2 C=O; HFC=O; F 2 C=O; CH 3 HC=O; CH 3 FC=O; (CH 3 ) 2 C=O with chlorotrifluoromethane have been studied using ab initio MP2 and CCSD(T) as well as density functional theory (B3LYP, B3LYP-D3 and wB97XD) methods. The most important conclusions are the following:
1. In these complexes, the intermolecular O···Cl distances are all smaller than the sum of the van der Waals radii. . The largest ΔE CCSD(T) is predicted for the (CH 3 ) 2 CO···ClCF 3 system, while the smallest interaction energy has been obtained for the F 2 CO···ClCF 3 complex. 3. The B3LYP-D3 calculated interaction energies are linearly related to the ionization potential and the proton affinity of the carbonyl bases. 4. The interaction results in a contraction of the C-Cl bond and an elongation of the C-F bond. The variation of the bond lengths is accompanied by a blueshift of the C-Cl stretching vibration and a redshift of the C-F stretching vibration. 5. The NBO analysis shows that the increase of the s-character of the C(Cl) atom largely predominates over the decrease of the σ*(C-Cl) occupation in determining the contraction of the C-Cl bond. 6. The elongation of the C-F bonds is explained by a decrease of intramolecular delocalization from one of the lone-pair orbital (LP) of the F atoms to the σ*(CCl) orbital. 7. It is suggested that the formation of these complexes originates from a two-step mechanism: the intermolecular charge transfer from the lone-pair orbitals of the O atom (LPsO) to the σ*(C-Cl) antibonding orbital followed by a decrease of the intramolecular charge transfer from the LP on the fluorine atom to the σ*(C-Cl) orbital. 8. The SAPT results for these complexes show that the dispersion and electrostatic contributions cover about 90 % of the total attraction forces. The exchange energy E(exch) is lower than the absolute value of the electrostatic term E(elec). Similar results were found in the case of the carbonyl bases complexed with molecular chlorine [38] .
